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SUMMARY
To enhance physiological function of NMDA receptors (NMDARs), we identified positive allosteric modulators (PAMs) of NMDARs with selectivity for GluN2A subunit-containing receptors. X-ray crystallography revealed a binding site at the GluN1-GluN2A dimer interface of the extracellular ligand-binding domains (LBDs). Despite the similarity between the LBDs of NMDARs and AMPA receptors (AMPARs), GluN2A PAMs with good selectivity against AMPARs were identified. Potentiation was observed with recombinant triheteromeric GluN1/GluN2A/GluN2B NMDARs and with synaptically activated NMDARs in brain slices from wildtype (WT), but not GluN2A knockout (KO), mice. Individual GluN2A PAMs exhibited variable degrees of glutamate (Glu) dependence, impact on NMDAR Glu EC 50 , and slowing of channel deactivation. These distinct PAMs also exhibited differential impacts during synaptic plasticity induction. The identification of a new NMDAR modulatory site and characterization of GluN2A-selective PAMs provide powerful molecular tools to dissect NMDAR function and demonstrate the feasibility of a therapeutically desirable type of NMDAR enhancement.
INTRODUCTION
NMDA receptors (NMDARs) are glutamate-gated ion channels that play critical roles in synaptic signaling and plasticity and NMDAR dysfunction is implicated in a variety of nervous system disorders (Paoletti et al., 2013; Soto et al., 2014; Traynelis et al., 2010; Zhou and Sheng, 2013) . NMDAR hypofunction in particular may play a role in the pathophysiology of schizophrenia (Coyle et al., 2003; Gonzalez-Burgos and Lewis, 2012) . This idea originally arose from observations that NMDAR antagonists can transiently induce the positive, negative, and cognitive symptoms of schizophrenia in healthy individuals (Javitt and Zukin, 1991; Krystal et al., 1994) , and it subsequently has been supported by behavioral alterations in animal models with genetically or pharmacologically reduced NMDAR function (Belforte et al., 2010; Mohn et al., 1999; Rujescu et al., 2006) . NMDAR hypofunction also has been implicated in other neurological disorders. For example, NMDAR mutations, including microdeletions and predicted loss-of-function mutations, have been identified in patients with epilepsy-aphasia disorders (Carvill et al., 2013; Lemke et al., 2013; Lesca et al., 2013) , and impairment of synaptic NMDAR function has been found in animal models of Alzheimer's disease (Zá dori et al., 2014) . Decreased NMDAR function may in principle be corrected by pharmacologically boosting activation of the remaining functional NMDARs, yet this approach risks eliciting excitotoxicity through excessive activation of NMDARs (Heng et al., 2009; Liu et al., 2007; Milnerwood et al., 2010; Tu et al., 2010; Zeron et al., 2002) . Therefore, to selectively enhance physiological NMDAR function, we set out to discover molecules that act as positive allosteric modulators (PAMs) to enhance the natural physiological pattern of activation of these receptors while avoiding indiscriminate activation caused by stimulation with orthosteric agonists.
To further ensure enhancement of physiological, but not pathological, activation of NMDARs, we sought to discover PAMs with selectivity for GluN2A subunit-containing NMDARs. The GluN2 subunit composition is a critical determinant of the physiological and pathological contributions of NMDAR activation (Paoletti et al., 2013) . During brain development, there is a switch from an early dominance of GluN2B subunit expression to incorporation of GluN2A subunits at mature synapses (Sheng et al., 1994; Williams et al., 1993) . It recently has become clear that mature synapses contain not only GluN2A diheteromers (GluN1/GluN2A composition), but also a significant portion of triheteromers (GluN1/GluN2A/GluN2B), which play key roles in synaptic plasticity and signaling (Gray et al., 2011; Rauner and Kö hr, 2011; Soares and Lee, 2013; Tovar et al., 2013) . At the same time, experiments using antagonists that preferentially inhibit GluN2B diheteromers (GluN1/GluN2B) (Hansen et al., 2014; Hatton and Paoletti, 2005; Stroebel et al., 2014) have shown that this type of NMDAR can mediate excitotoxicity when excessively activated (Costa et al., 2012; Ferreira et al., 2012; Rö nicke et al., 2011) . Hypotheses for the deleterious effects of activating GluN2B diheteromers include the nature of the downstream signaling pathways to which they couple and/ or their preferential extrasynaptic localization (Hardingham and Bading, 2010; Martel et al., 2012; Zhou and Sheng, 2013) . In any case, pharmacological over-activation of GluN2B diheteromers in particular could risk pathogenic consequences. Therefore, the discovery of NMDAR enhancers that selectively potentiate GluN2A-containing NMDARs without affecting GluN2B diheteromeric receptors would not only provide a valuable tool for dissecting physiological NMDAR function, but also could represent an attractive therapeutic approach.
Here we describe a novel class of compounds that act as PAMs at GluN2A-containing NMDARs and thus enhance the normal synaptic activation of NMDARs without causing activation in the absence of stimulation. X-ray crystallography reveals that these compounds act via a novel NMDAR positive modulator binding site at the interface between the GluN1 and GluN2A ligand-binding domains (LBDs), a site that is analogous to a known PAM site found in AMPA receptors (AMPARs). These GluN2A PAMs potentiate recombinant diheteromeric and triheteromeric NMDARs as well as native NMDARs in brain slices during synaptic activation. Distinct but chemically related GluN2A PAMs alter channel deactivation kinetics and Glu affinity to varying degrees and also show differing dependence on Glu concentration. These distinct GluN2A PAMs also show differential impacts on synaptic plasticity that correlate with differences in their ability to affect synapses on pyramidal neurons versus interneurons. GluN2A PAMs therefore represent novel tools that can provide insight into the mechanisms of NMDAR activation and the subunit-specific roles of NMDARs in circuit function. This new class of selective NMDAR modulator also demonstrates that NMDARs can be pharmacologically targeted in a manner that may be therapeutically desirable for neurological disorders involving NMDAR hypofunction.
RESULTS

Discovery of Potent and Selective GluN2A PAMs
To screen for compounds that can enhance NMDAR activation in response to application of Glu in the presence of saturating glycine (Gly), we established a cell-based Ca 2+ influx assay using HEK293 cells stably expressing GluN1 and GluN2A. A library of 1.4 million compounds was tested for the ability to increase the Ca 2+ influx fluorescence signal significantly above the signal obtained by subsaturating (EC30) Glu alone. GNE-3476 was identified as a hit in this high-throughput screen (HTS), with 6 mM compound leading to a marked enhancement of the response to EC30 Glu ( Figures 1A and 1B) . Follow-up assays showed a dose-dependent enhancement of NMDAR activation by GNE-3476 (estimated EC 50 = 10.3 mM) ( Figure 1C ). Subsequent medicinal chemistry efforts (Supplemental Experimental Procedures) led to GluN2A PAMs with enhanced potency in the Ca 2+ influx assay compared to GNE-3476, as exemplified by GNE-3419 (2.03 mM EC 50 ), GNE-6901 (0.33 mM), and GNE-8324 (2.43 mM) ( Figure 1C ). Electrophysiological measurements of NMDAR currents in Xenopus oocytes expressing GluN1 and GluN2A confirmed that these compounds act as allosteric modulators rather than orthosteric agonists, with robust potentiation of the response to saturating Glu (100 mM) under various conditions where compound alone resulted in little to no signal (Figures 1D and S1) . We next assessed selectivity of these more potent GluN2A PAMs by determining the dose-response relationship from cell lines expressing GluN1 paired with GluN2B, GluN2C, or GluN2D ( Figures 1E-1G ). Little or no compoundinduced potentiation was detected in the GluN2B and GluN2C cell lines. While significant potentiation of GluN1/GluN2D NMDARs was seen with GNE-3419 and GNE-6901, the potency was 10-fold lower with GluN2D compared to GluN2A NMDARs.
GluN2A PAMs Bind at the Inter-domain Interface of the GluN1/GluN2A LBDs The amino-terminal domains (ATDs) of NMDARs can bind an array of ligands that act as subunit-specific allosteric modulators (Zhu and Paoletti, 2015) . Yet functional characterization of NMDARs with chimeric ATDs or ATD deletions demonstrated that the ATD was not required for PAM effects (Figures S2A and S2B) . To examine the LBD as a potential binding site, we crystallized and solved a 2.1-Å structure of the isolated human GluN1/GluN2A LBD dimer in complex with GNE-6901. The binding site of GNE-6901 was found to lie at the inter-domain interface between GluN1 and GluN2A LBDs (Figures 2A and 2B ). This site is analogous to the binding site of AMPAR PAM molecules such as cyclothiazide (Sun et al., 2002) and aniracetam (Jin et al., 2005 ). Yet while the AMPAR PAMs bind a symmetric interface formed between two GluA1 LBD homodimers, the heterodimeric GluN1/GluN2A LBD interface exhibits elements of both symmetry and asymmetry ( Figures 2C-2E) . Comparison of the binding site of GNE-6901 to an apo GluN1/GluN2A structure ( Figure 2C ) reveals that the side chains of GluN1 Y535 and GluN2A E530 change rotamer conformations to permit binding of GNE-6901. To test whether these rotamer movements are important for PAM effects on the channel, we mutated GluN1 Y535 and GluN2A E530 to alanine individually or in combination, and we performed functional analysis using oocyte electrophysiology. These alanine mutants showed increased potentiation of NMDAR currents by GNE-6901 while minimally affecting the compound EC 50 ( Figure S2G ), suggesting that rearrangements of the GluN1 Y535 and GluN2A E530 side chains (which are required for formation of the GNE-6901 binding site) do not appear to be required for mediating potentiation.
While no previous NMDAR modulators have been shown to bind at the GluN1/GluN2A LBD interface, chimera and mutational analyses have identified interface residues required for the action of the GluN2A-selective negative allosteric modulator (NAM) TCN-201 (Hansen et al., 2012) . To compare the binding modes of this well-characterized class of NAM with GNE-6901, we attempted co-crystallization of the GluN1/GluN2A LBD with TCN-201 and related compounds. While TCN-201 (compound 1; Bettini et al., 2010) did not lead to an X-ray structure, we were able to obtain a 2.5-Å structure of the highly related GluN2A (D) NMDAR currents were measured in oocytes expressing GluN1 and GluN2A to confirm that compounds acted as PAMs rather than agonists. Under conditions where little or no current was induced by 30 mM compound in the absence of exogenous Glu application, co-application of 100 mM Glu with 30 mM compound resulted in significant potentiation relative to Glu alone. 50 mM Gly was present continuously and 5 mM AP5 was present to minimize activation by ambient Glu. Scale bar represents 1 min and current values on the y axes have been normalized to Glu-alone response amplitudes for each experiment.
(E-G) Ca 2+ influx dose-response data for GNE-3419 (E), GNE-6901 (F), and GNE-8324 (G) are shown for HEK cell lines expressing GluN1 paired with GluN2A
(reproduced from B), GluN2B, GluN2C, or GluN2D. Data are shown as mean ± SEM (n = 4-12 dose-response curves/compound/GluN2 subtype). (A) Cartoon representation of the human GluN1/GluN2A ligand-binding domain (LBD) structure bound to GNE-6901 presented in this paper overlaid with the fulllength Xenopus GluN1/GluN2B receptor (PDB: 4TLL, Lee et al., 2014) . The amino-terminal domains (ATDs) and trans-membrane domains (TMDs) also are labeled to show the overall position of the LBD in the context of the full-length channel. For the human LBD bound to GNE-6901, GluN1 is shown in dark blue, GluN2A is shown in dark green, and compound is shown as yellow spheres; for the full-length receptor, GluN1 is colored light blue and GluN2B light green. Colors used are consistent throughout this figure. (B) The LBD crystal structure in complex with GNE-6901 is shown in the same orientation as depicted in (A) (upper left) and rotated 90 to show a top view (bottom right). Glutamate (L-Glu), Glycine (Gly), and GNE-6901 are shown as spheres and binding sites are labeled.
(legend continued on next page) NAM, compound 6 (Bettini et al., 2010) . This structure revealed that compound 6 binds to a distinct but overlapping region of the inter-domain interface as the GluN2A PAMs ( Figure 2E ). Interestingly, the side chain rotamer conformation of GluN1 Y535 is similar to that found in the apo conformation, while GluN2A E530 moves into a conformation similar to that of the PAM-bound structure to accommodate the pyridine ring of compound 6. Together, these structures identify similar but unique binding sites for GluN2A-selective PAMs and NAMs. In comparing our compound-bound GluN1/GluN2A LBD structure with the full-length GluN1/GluN2B structure (Karakas and Furukawa, 2014; Lee et al., 2014) , we identified an important difference in the PAM-binding site targeted by GNE-6901. V783 in GluN2A is a key border residue of the PAM-binding site, and it is in direct van der Waals contact with the methyl group on the thiazolopyrimidinone core of GNE-6901 (Figure 2D ). The much larger corresponding residue, F784 in GluN2B, protrudes into the binding site and may prevent PAM binding to GluN1/GluN2B NMDARs. To test the functional importance of this residue in PAM selectivity, we expressed GluN2A NMDARs with a V783F mutation, as well as GluN2B NMDARs with the converse F784V mutation, in oocytes and tested their sensitivity to GNE-6901. The V783F mutation in GluN2A virtually abolished GNE-6901 sensitivity, while the F784V mutation in GluN2B conferred an ability of GNE-6901 to potentiate GluN1/GluN2B NMDARs ( Figures 2F and 2G ). This striking swap of sensitivity between GluN2A and GluN2B NMDARs by exchange of a single residue demonstrates that GluN2A V783 is a key determinant of PAM selectivity. Further experiments show that the corresponding residue in GluN2D, which corresponds to a Leucine (L811), is also a determinant of the less potent PAM effect of GNE-6901 observed on GluN2D receptors ( Figures S2C-S2F ).
Interestingly, GluN2A V783 was identified previously as essential for the action of the NAM TCN-201 (Hansen et al., 2012) . To better characterize the overlapping binding sites of our series of PAMs and the prior series of NAMs, we performed mutational analysis to confirm unique and shared structural determinants. Consistent with predictions from our structures and prior work with TCN-201, we found that while GluN2A V783F blocks the effects of both GNE-6901 and the NAM (compound 6), GluN2A T758A blocks the PAM effect, but not the NAM effect, and GluN1 R755A blocks the NAM effect, but not the PAM effect . This demonstration of both common and specific structural determinants of PAMs and NAMs confirms the overlapping nature of the binding sites.
Selectivity against AMPARs
Given that the GluN1/GluN2 heterodimer interface where GNE-6901 binds is equivalent to the binding site of AMPAR PAMs, we tested the selectivity of our GluN2A PAMs against AMPARs using a Ca 2+ influx assay in cell lines expressing GluA2 AMPARs.
These experiments revealed that, while GNE-3419 potentiates both flip and flop variants of GluA2, GNE-6901 and GNE-8324 show no appreciable activity on these AMPARs (Figures 3A and 3B) . To further dissect mechanisms of NMDAR versus AMPAR selectivity, we attempted to co-crystallize these compounds with the AMPAR LBD dimer (Armstrong and Gouaux, 2000) . Consistent with the functional effect on AMPARs, soaking of GNE-3419 in AMPAR crystals resulted in a compound-bound structure, which revealed that GNE-3419 binds in the AMPAR dimer interface ( Figure 3C ) in a position equivalent to the PAMbinding site in GluN1/GluN2A ( Figure 3D ). The corresponding residue to GluN2A V783 in the AMPAR flip isoform is Serine 786, and our structure demonstrates that this Ser residue is not large enough to disrupt the AMPAR-binding pocket. While we did not crystallize the AMPAR LBD with the flop Asn residue at this position (Asn786), our functional assays indicate Asn also does not disrupt GNE-3419 potentiation ( Figure 3B ). To test for potentiation of native AMPARs during physiological activation, we examined AMPAR excitatory postsynaptic potentials (EPSPs) in hippocampal CA1 pyramidal neurons during Schaffer collateral stimulation. These experiments were consistent with the cell-based assay, with robust potentiation of AMPAR EPSPs by GNE-3419 and no detectable impact of GNE-6901 ( Figures  3E and 3F) . Surprisingly, the potentiation of the AMPAR EPSP by GNE-3419 could be reversed with the addition of GNE-6901. Conversely, pre-incubation with GNE-6901 prevented potentiation by subsequent addition of GNE-3419 ( Figures  S3A-S3D ). This dose-dependent antagonism of the GNE-3419 potentiation of AMPARs by GNE-6901, coupled with the absence of any impact of GNE-6901 alone on the AMPAR EPSPs, indicates that GNE-6901 may act as a silent allosteric modulator (SAM) of AMPARs. In other words, the functional selectivity achieved for GluN2A PAMs against AMPARs may be due to a lack of efficacy rather than potency at AMPARs.
Given the high degree of sequence similarity between AMPA and kainate receptors (KARs) at the PAM-binding site (Figure S2C ), we tested if GNE-3419 might potentiate KARs as well as AMPARs using voltage-clamp measurements from oocytes expressing GluK2. While the positive control PAM, (C) View of the PAM-binding site from an unbound apo structure of the human GluN1/GluN2A LBD. Key interface residues are shown as stick models and residues that move upon PAM binding (GluN1 Y535 and GluN2A E530) are highlighted in magenta. Solvent-accessible surface area in the interface is shown as a transparent surface. (C)-(E) are rotated 90 to the right compared to the LBD representation in (A).
(D) View of GNE-6901 bound in the PAM-binding site of the GluN1/GluN2A LBD is shown.
(E) The GluN2A-selective NAM (compound 6, Bettini et al., 2010) bound to GluN1/GluN2A LBD is shown. Note that the NAM binds in a partially overlapping region of the heterodimer interface as the PAM.
(F) Example traces from NMDAR currents measured in oocytes expressing mutant or WT GluN2A or GluN2B are shown; 1, 3, 10, and 30 mM GNE-6901 were sequentially added during application of 300 nM Glu. Scale bars represent 1 min and 1 mA (top two traces) or 0.5 mA (bottom two traces).
(G) Dose-response data for each type of channel are shown. Data are shown as mean ± SEM (n = 10-12 oocytes/dose-response curve).
(H) Impacts of point mutations of the residues highlighted in (D) and (E) on PAM and NAM effects. PAM effects are normalized to the average potentiation observed with 10 mM GNE-6901 and NAM effects to the average inhibition observed with 10 mM compound 6. Data are summarized from (G) and Figures S2H and S2I and are shown as mean ± SEM.
Concanavalin A (ConA), which blocks KAR desensitization, revealed robust Glu-evoked currents, GNE-6901, GNE-8324, and GNE-3419 all failed to act on GluK2 in a similar manner. Parallel experiments with GluA2 confirmed that GNE-3419, but not the other PAMs, could block AMPAR desensitization in this same experimental paradigm ( Figures S3E and S3F ), supporting selectivity against KARs.
Potentiation of Triheteromeric and Synaptic NMDARs
While the cell-based assays used to test GluN2A PAMs demonstrated potentiation of GluN2A, but not GluN2B-containing Open circle indicates that incomplete solubility was observed for GNE-6901 at the highest concentration tested. Data are shown as mean ± SEM (n = 5-9 brain slices/dose/compound).
NMDARs, the cell lines used in these assays express pure populations of diheteromeric receptors. Synaptic NMDARs, however, are thought to contain a significant proportion of triheteromeric NMDARs comprised of both GluN2A and GluN2B subunits (Gray et al., 2011; Rauner and Kö hr, 2011; Soares and Lee, 2013; Tovar et al., 2013) . Therefore, we compared the effects of GNE-6901 on GluN2A diheteromers, GluN2A/ GluN2B triheteromers, and GluN2B diheteromers, using a system for controlling NMDAR subunit composition with ectopic retention signals (Stroebel et al., 2014) . These experiments revealed that triheteromeric receptors also are potentiated by . Consistent with the presence of a single PAM-binding site in each triheteromer as compared to the two binding sites per GluN2A diheteromer, potentiation of triheteromers was of a smaller magnitude than that of GluN2A diheteromers. Similarly, we also observed that GNE-8324 could potentiate both diheteromers and triheteromers ( Figures S4A and S4B ). In addition, potentiation by both PAMs was independent of the GluN1 splice variant (Figures S4C-S4F ).
To directly test the impact of GNE-6901 on synaptically activated NMDARs, we performed whole-cell recordings of pharmacologically isolated NMDAR excitatory postsynaptic currents (EPSCs) in CA1 pyramidal neurons in response to Schaffer collateral stimulation in brain slices. To test specificity for GluN2A NMDARs, recordings were performed in slices from GluN2A knockout (KO) mice as well as wild-type (WT) mice. In WT mice, a clear potentiation of the NMDAR EPSC was observed when GNE-6901 was applied to brain slices, with a greater relative potentiation of EPSC area compared to peak amplitude that was associated with a slowing of the decay time of the EPSC ( Figures 4C-4G ). In GluN2A KO mice there was a longer baseline decay time constant for the NMDAR EPSCs compared to WT mice (254.8 ± 45.6 versus 74.6 ± 8.5 ms), which is consistent with the presence of synaptic GluN2B diheteromers in the absence of GluN2A subunits in these mice. There was no effect of GNE-6901 application on NMDAR EPSCs in the GluN2A KO mice, with only a small rundown of the NMDAR EPSC evident during the recording period ( Figures 4C-4H ).
Different GluN2A PAMs Have Distinct Impacts on NMDAR Channel Function
To examine modulation of NMDAR channel function with higher resolution, we performed whole-cell patch-clamp recordings on CHO cells stably expressing GluN1 and GluN2A using a rapid solution switching system. These experiments confirmed the PAM effects on NMDARs. While Glu or Gly alone applied in the presence of GNE-6901 or GNE-8324 resulted in minimal current, the magnitude of the current elicited by Glu and Gly co-application was enhanced in the presence of the GluN2A PAMs ( Figure S5 ). Dose-response experiments using a brief pulse (2 s) of 100 mM Glu in the presence of 50 mM Gly confirmed the greater potency of GNE-6901 compared to GNE-8324 ( Figures 5A-5C ). Notably, both PAMs can increase NMDAR currents even during the presence of saturating agonist concentrations. However, striking differences between GNE-6901 and GNE-8324 were apparent during channel deactivation following the removal of Glu in the constant presence of Gly. While GNE-6901 resulted in a relatively modest slowing of the rate of deactivation following the removal of Glu, GNE-8324 caused a profound slowing of glutamate deactivation kinetics ( Figures 5A, 5B, and 5D ). In contrast, when Gly was removed in the constant presence of Glu, NMDAR currents rapidly deactivated in the presence of either PAM ( Figures 5E and 5F ), demonstrating a specific interaction of PAMs with Glu, but not Gly.
To further examine the interactions of GNE-6901 and GNE-8324 with the agonists, Gly and Glu potencies were assessed in the presence or absence of near saturating concentrations of each PAM (10 mM GNE-6901 and 30 mM GNE-8324). These experiments showed that neither PAM had significant impacts on Gly potency ( Figures 6A-6C, S6A, and S6D ). On the other hand, GNE-8324 significantly increased the potency of Glu at the NMDAR, while GNE-6901 had a much smaller impact on Glu potency ( Figures 6D-6F , S6B, and S6E). We next examined the converse question of whether GNE-8324 potency was more dependent on Glu concentration than GNE-6901. In these experiments, we observed potentiation of NMDAR currents elicited by the two PAMs in the presence of either saturating (100 mM) or low (0.1 mM) pre-applied Glu. GNE-8324 potency was found to be strongly dependent on Glu concentration, while there was only a modest effect of Glu concentration on GNE-6901 potency ( Figures 6G-6I, S6C, S6F, and S6G) . Thus, while both GNE-6901 and GNE-8324 enhance the NMDAR current during Glu application, these two PAMs have striking differences. Compared to GNE-6901, GNE-8324 exhibits the following: (1) greater slowing of glutamate deactivation kinetics, (2) greater impact on NMDAR Glu potency, and (3) greater dependence of its potency on Glu concentration. These results suggest that, while both GNE-6901 and GNE-8324 are GluN2A-selective PAMs, their modes of action differ, potentially resulting in different effects during physiological activation of NMDARs.
Differential Impacts of GluN2A PAMs during Synaptic Plasticity Induction
To test the impacts of GNE-6901 and GNE-8324 in an intact circuit, we examined synaptic potentiation of Schaffer collateral inputs to CA1 pyramidal neurons. Short-term potentiation (STP) and long-term potentiation (LTP), two aspects of plasticity that depend on NMDAR activation (Malenka and Nicoll, 1993; Park et al., 2014) , were assessed following one, two, and three bouts of a weak plasticity induction stimulus in the presence of vehicle (DMSO) or PAMs at concentrations expected to have near maximal effects (10 mM GNE-6901 and 30 mM GNE-8324). When potentiation was induced under physiological conditions, we observed an overall significant effect of treatment on LTP and STP ( Figure 7A ). Compared to vehicle, slices treated with GNE-6901 showed a trend toward enhanced LTP and exhibited significantly enhanced STP (p < 0.001), while slices treated with GNE-8324 showed a trend toward impaired LTP and exhibited significantly impaired STP (p < 0.01). Overall, both LTP (p < 0.01) and STP (p < 0.001) were significantly greater with GNE-6901 compared to GNE-8324 ( Figure 7B ).
NMDARs are present on both pyramidal neurons where they mediate induction of synaptic potentiation at the Schaffer collateral synapses, as well as on interneurons where they can contribute to polysynaptic inhibition of pyramidal neurons and oppose the induction of potentiation (Hanson et al., 2013) . Therefore, the above results could potentially reflect a mixture of effects of GluN2A PAMs on pyramidal neurons and on interneurons recruited during plasticity induction. To examine the role of interneurons in the effects of the PAMs, we repeated these experiments in the presence of the GABA A R antagonist picrotoxin (PTX) to eliminate fast synaptic inhibition ( Figures 7C  and 7D ). Under these conditions, GNE-6901 significantly potentiated both LTP (p < 0.01) and STP (p < 0.001). However, in contrast to the reduction of potentiation seen with GNE-8324 when inhibition was intact, in this experiment GNE-8324 had no effect on LTP and significantly enhanced STP (p < 0.05). Both LTP (p < 0.01) and STP (p < 0.05) were still significantly greater with GNE-6901 compared to GNE-8324 in the absence of inhibition. This impairment of synaptic potentiation by GNE-8324 in the presence, but not in the absence, of inhibition was confirmed in experiments using a stronger induction protocol ( Figure S7 ). % 300 nM Glu response
GluN2Br1/GluN2Br2
GluN2Ar1/GluN2Br2 To better understand why GNE-8324 exhibits a relative lack of effect on plasticity with inhibition blocked but prominent effect with intact inhibition (while GNE-6901 enhances plasticity in both cases), we directly measured the impacts of each PAM on pyramidal neuron and interneuron NMDAR responses. While GNE-6901 significantly increased the area of synaptically activated NMDAR responses on pyramidal neurons (p < 0.05), GNE-8324 did not produce a significant effect (Figures 8A-8C) . At the same time, whole-cell recordings targeting stratum radiatum interneurons showed that both PAMs significantly enhanced NMDAR EPSC area (p < 0.01) (Figures 8D-8F ). Both PAMs delayed interneuron NMDAR EPSC decay to a similar magnitude as was observed with GNE-6901 in pyramidal neurons (Figure S8) . The basis for the unequal ability of GNE-8324 to potentiate interneuron versus pyramidal neuron NMDARs could result from the unique biophysical properties of this PAM in combination with potential variations in synaptic neurotransmitter levels at different synapses.
To examine the PAM effects on NMDAR responses in the context of the bursts of stimulation that were used to induce LTP, isolated burst-evoked NMDARs were recorded from pyramidal neurons ( Figure 8G ). When inhibition was blocked, there was a small enhancement of burst-evoked responses by GNE-8324 that trended toward significance (p = 0.14), while GNE-6901 showed a more robust and significant enhancement (p = 0.001) ( Figure 8H ). This is consistent with the modest versus robust enhancement of NMDAR-dependent plasticity by GNE-8324 and GNE-6901, respectively. When these experiments were repeated with intact inhibition, GNE-8324 significantly impaired the burst-evoked NMDAR response (p = 0.008), while GNE-6901 continued to cause a significant enhancement (p = 0.0005) ( Figure 8I ), again paralleling the results of the NMDAR-dependent plasticity experiments. Overall these results suggest that, during plasticity induction, the robust pyramidal neuron impact of GNE-6901, but not GNE-8324, overrides the inhibition-dependent impacts of the PAMs. Thus, these two distinct GluN2A PAMs that differ in their impacts on NMDAR biophysical properties also differ in their effects during neuronal circuit function.
DISCUSSION
Here we report a novel class of NMDAR PAM that is selective for GluN2A subunit-containing NMDARs. Positive modulation and selectivity were demonstrated using multiple assay platforms on recombinant and native receptors including Ca 2+ influx from cell lines and electrophysiology recordings from cell lines, Xenopus oocytes, and mouse brain slices. Importantly, triheteromeric GluN1/GluN2A/GluN2B receptors, which represent a major species of synaptic NMDARs, also could be potentiated, and enhancement of synaptically activated NMDARs in WT, but not GluN2A KO, mice confirmed the physiological selectivity of positive modulation established by the in vitro analyses.
The binding site of GluN2A PAMs at the GluN1-GluN2A heterodimer interface was identified using X-ray crystallography, which to our knowledge represents the first structure of an NMDAR modulator bound to the LBD region and, thus, defines a new site for allosteric modulation of NMDARs. Previous structural and functional analysis identified a critical role for the GluN1/GluN2 LBD dimer interface in NMDAR activation, leading to a model in which the aromatic side chain of GluN1 Y535 binds to a hydrophobic pocket in GluN2A, thus stabilizing the activated Glu-bound conformation (Furukawa et al., 2005) . Interestingly, our structure shows that rotation of the GluN1 Y535 side chain is required to accommodate PAM binding, with the phenyl group of the PAM compounds instead mimicking the Y535 aromatic side chain ( Figures 2C and 2D ). While rotation of GluN1 Y535 out of this pocket is necessary to accommodate PAM binding, mutational analysis suggests the presence of this side chain is not essential for potentiation ( Figure S2G ). Overall we hypothesize that GluN2A PAMs stabilize the inter-domain interface to a greater extent than is achieved by the normal inter-subunit interactions that are displaced by PAM binding. This enhanced interaction between subunits is predicted to stabilize the Glu/Gly-bound conformation of the LBD and promote channel activation. Regarding selectivity, residue V783, which we demonstrated is critical for the GluN2A selectivity of our PAMs (Figure 2) , previously was found to be important for the selective negative modulation of NMDARs by TCN-201 (Hansen et al., 2012) . Notably, our crystal structure of a related NAM from the same class of compounds as TCN-201 shows a partially overlapping binding pocket with GluN2A PAMs, and we confirmed both unique and overlapping structural determinants for the classes of compounds (Figure 2 ). The convergence of the binding sites of two distinct classes of GluN2A-selective modulators with opposite effects on channel activity within an overlapping 
. Potentiation of Recombinant Triheteromeric NMDARs and Synaptically Activated NMDARs in Brain Slices
(A) Example GNE-6901 dose-response recordings from oocytes expressing GluN1 paired with GluN2Ar1/GluN2Ar2 (GluN2A diheteromers), GluN2Ar1/GluN2Br2 (GluN2A/GluN2B triheteromers), or GluN2Br1/GluN2Br2 (GluN2B diheteromers) are shown. (B) GNE-6901 dose-response data for GluN2Ar1/GluN2Ar2, GluN2Ar1/GluN2Br2, or GluN2Br1/GluN2Br2 NMDARs. Cartoon representations of the NMDAR LBD subunit composition illustrate the 2, 1, and 0 PAM-binding sites (gray circles) in GluN2A diheteromers, GluN2A/GluN2B triheteromers, and GluN2B diheteromers, respectively. Data are shown as mean ± SD (n = 5-13 oocytes/dose). (C and D) Isolated NMDAR EPSCs were recorded from WT or GluN2A KO mice. Baseline-normalized EPSC peak (A) and area (B) are shown during application of 30 mM GNE-6901. Data are shown as mean ± SEM (n = 10 WT mice and n = 6 KO mice). The gradual time course of compound effect may reflect penetration into the slice or use dependence. (E) Potentiation of NMDAR EPSC peak and area in WT and GluN2A KO mice was calculated from the normalized current magnitude at the end of the recordings. Data are shown as mean ± SEM. WT potentiation of peak and area were significantly different from the GluN2A KO control (**p < 0.01 and ***p < 0.001). (F) Example NMDAR EPSCs are shown during baseline (black), after 30 mM GNE-6901 application (green), and after blockade by 50 mM D-APV at the end of the experiment (gray). Note the slower time course of NMDAR EPSCs in GluN2A KO mice (scale bar represents 100 ms and 20 pA for both sets of traces). (G and H) NMDAR EPSC decay time constants from single exponential fits of the falling portion of the EPSC are shown for slices from WT (E) and Glun2A KO mice (F) during GNE-6901 application.
inter-subunit interface underscores the unique value of this site for selective modulation of NMDARs.
The LBD plays a critical role in AMPAR and NMDAR activation (Mayer, 2011; Furukawa et al., 2005; Gielen et al., 2008) and is the binding site of AMPAR PAMs (Jin et al., 2005; Sun et al., 2002) . While some of the identified NMDAR PAMs were found to achieve significant selectivity against AMPARs (Figure 3) , the structural basis for this selectivity is not immediately obvious. Intriguingly, functional experiments showed that while the selective compound GNE-6901 had no significant effect on AMPARs by itself, it could compete with the AMPAR potentiation caused by GNE-3419 ( Figure S3 ). One hypothesis to explain this interaction is that some of our compounds can function as SAMs at the LBD interface site of AMPARs, and, despite having no direct effect, can compete with the binding of compounds that do exhibit AMPAR PAM activity. We were not able to obtain a crystal structure of our AMPAR-selective compounds to verify this hypothesis. However, silent competitive inhibition of small-molecule modulators via inefficacious binding is not unprecedented, as exemplified by fluoxetine at the GABA A R benzodiazepine site (Rudolph and Knoflach, 2011) and substituted 4MP-TQS series compounds at nAChRs (Gill-Thind et al., 2015) .
The detailed characterization of PAM effects on NMDAR channel function provides further insight into the basis of this allosteric modulation. In particular, the slowing of channel deactivation following removal of Glu, but not Gly (Figure 5 ), shows (A) Lack of effect of GNE-6901 (10 mM) on Gly potency (baseline EC 50 = 1.82 ± 0.14 mM; GNE-6901 = 1.83 ± 0.16 mM; p > 0.05). Data are shown as mean ± SEM (n = 5-7 patches/experiment). (B) Lack of effect of GNE-8324 (30 mM) on Gly potency (baseline EC 50 = 1.82 ± 0.14 mM; GNE-8324 = 1.48 ± 0.2 mM; p > 0.05) is shown. (C) GNE-8324 example traces. The EC 50 for Gly was measured before and after the addition of 30 mM GNE-8324 in the continuous presence of 100 mM Glu. Brief 2-s pulses of Gly at varying concentrations were used to determine the EC 50 values. (D) Small effect of GNE-6901 (10 mM) on Glu potency (baseline EC 50 = 2.7 ± 0.26 mM; GNE-6901 = 1.4 ± 0.35 mM; p < 0.05) is shown. (E) Large effect of GNE-8324 (30 mM) on Glu potency (baseline EC 50 = 1.3 ± 0.13 mM; GNE-8324 = 0.19 ± 0.05 mM; p < 0.01) is shown. (F) GNE-8324 example traces. The EC 50 for Glu was measured before and after the addition of 30 mM GNE-8324 in the continuous presence of 50 mM Gly. Brief 2-s pulses of Glu at various concentrations were used to determine the EC 50 values. (G) Small effect of Glu concentration on GNE-6901 EC 50 (low Glu EC 50 = 1.7 ± 0.12 mM; high Glu = 1.0 ± 0.27 mM; p < 0.05) is shown. (H) Large effect of Glu on GNE-8324 EC 50 (low Glu EC 50 = 7.1 ± 1.3 mM; high Glu = 1.59 ± 0.12 mM; p < 0.01) is shown. (I) GNE-8324 example traces. Pulses of GNE-8324 at various concentrations were tested in the presence of either low Glu (0.1 mM) or high Glu (100 mM), all in the continuous presence of 50 mM Gly. Examples of continuously recorded raw data for all experiments in this figure with GNE-6901 and GNE-8324 are shown in Figure S6 . that while the modulator-binding site is located between the binding sites for the agonist and co-agonist, only Glu deactivation kinetics is affected. This is supported by the shift in NMDAR Glu, but not Gly, potency in the presence of GluN2A PAMs (Figure 6) . Thus, while both GNE-6901 and GNE-8324 enhanced NMDAR currents during saturating agonist application, these compounds were differentiated by the magnitude of effects on Glu potency and slowing of deactivation following Glu removal, with GNE-8324 having much larger effects. A simple model of the transitions between unbound LBDs, LBDs bound by either PAM or Glu, and LBDs bound by both PAM and Glu, predicts that the magnitude of PAM effect on Glu affinity should be roughly equivalent to the magnitude of Glu effect on PAM affinity ( Figures S6H-S6J ). Indeed, this is what we observed, with a small impact of GNE-6901 on Glu potency (<2-fold shift), matching the small dependence of GNE-6901 potency on Glu concentration (<2-fold shift), and a larger impact of GNE-8324 on Glu potency (6.8-fold shift), approximately matching the larger dependence of GNE-8324 potency on Glu concentration (4.5-fold shift) ( Figure 6 ). The structural basis for the differences in the nature of potentiation by GNE-6901 and GNE-8324 is not obvious from our data, however, as alignment of the crystal structures of compound-bound LBDs only show subtle differences. In addition to qualitative differences at the level of NMDAR current modulation, GNE-6901 and GNE-8324 also showed qualitative differences in their impacts during LTP induction (Figure 7) . Under basal recording conditions, these compounds exerted opposite effects on synaptic plasticity, with GNE-6901 significantly enhancing and GNE-8324 significantly impairing STP, and similar opposite trends were observed for the impacts of the PAMs on LTP. However, when inhibition, which can be recruited by polysynaptic activation during plasticity induction, was blocked, GNE-8324 no longer impaired plasticity, but rather a small but significant enhancement of STP was seen. At the same time, an even more robust enhancement of plasticity by GNE-6901 was seen in the absence of inhibition. These results suggest that, in general, GluN2A PAMs can have at least two sites of action during plasticity induction as follows: (1) potentiation of pyramidal neuron NMDARs, which directly mediate STP and LTP (Malenka and Nicoll, 1993; Park et al., 2014) ; and (2) potentiation of NMDARs on interneurons, which results in interneuron activation and pyramidal neuron hyperpolarization, thus opposing induction of synaptic potentiation.
Direct measurement of NMDAR responses in pyramidal neurons and interneurons showed that, while both PAMs enhance interneuron NMDARs, GNE-6901, but not GNE-8324, enhances pyramidal neuron NMDARs (Figure 8) . Thus, the differential plasticity impacts can be explained by the dominance of pyramidal neuron effects of GNE-6901 over inhibition-dependent effects, while in the case of GNE-8324, inhibition-dependent effects dominate due to the lack of pyramidal neuron effects. One possibility is that the relative lack of GNE-8324 effects on pyramidal neurons derives from the significantly greater glutamate dependence of GNE-8324 compared to . This could hamper the ability of GNE-8324 to impact NMDARs at synapses onto pyramidal neurons where high-density transporters on astrocytes rapidly clear extracellular glutamate to maintain very low synaptic glutamate levels within milliseconds of presynaptic release (Clements et al., 1992) . On the other hand, we speculate that astrocyte membranes near hippocampal interneurons could contain lower transporter densities than those surrounding synapses on pyramidal neurons, thus allowing stronger effects of Glu-dependent PAMs. This would be similar to the case in the cerebellum, where parallel fiber synapses onto interneurons are surrounded by lower transporter densities than those synapsing onto Purkinje cells (Chaudhry et al., 1995) .
Overall, the identification of compounds that allow selective positive modulation of GluN2A NMDARs should be useful for dissecting NMDAR activation mechanisms, exploring cell-typespecific roles for GluN2A-containing NMDARs, and understanding the roles of GluN2A NMDARs in various brain circuits. These tools will not only provide insight into the physiological roles of GluN2A-containing NMDARs but also offer a means to test potential therapeutic benefits of NMDAR enhancement in model systems related to schizophrenia, epilepsy, and Alzheimer's and other diseases. For example, while current efforts to target NMDAR hypofunction in schizophrenia have relied on indirect and nonspecific enhancement of NMDARs via elevating Gly levels or activating mGluRs (Dunlop and Brandon, 2015) , we have demonstrated that direct and selective pharmacological enhancement of GluN2A-containing NMDARs is possible. Figure 7 . Differential Effects of GNE-6901 and GNE-8324 on LTP Induction (A) LTP was induced with one, then two, then three bouts of a weak induction protocol (arrows). Experiments were performed in the presence of 10 mM GNE-6901 (blue, n = 13 slices), 30 mM GNE-8324 (red, n = 12 slices), or DMSO vehicle control (gray, n = 12). For clarity, data from each pair of conditions are plotted separately (shown as mean ± SEM). PAM concentrations were selected based on having approximate maximal effects on peak current recorded from GluN2A cell lines. (B) LTP was quantified as the average baseline-normalized EPSP slope during the last 5 min of each portion of the experiment (following one, two, or three bouts). There was a significant effect of treatment (F(2,101) = 6.24; p = 0.003) and bout number (F(2,101) = 5.52; p = 0.005) on LTP, but no significant interaction between treatment and bout number (F(4,101) = 0.34; p = 0.85). STP was quantified from the normalized EPSP slope of the data point collected 1 min after induction. There was a significant effect of treatment (F(2,101) = 23.30; p < 0.001) and bout number (F(2,101) = 4.39; p = 0.015) on STP, but no significant interaction between treatment and bout number (F(4,101) = 0.55; p = 0.70). Data are shown as mean ± SEM. Additional statistical analysis of comparisons between treatment groups is reported in the main text. (C) LTP experiments were performed as in (A) but in the presence of 100 mM PTX to block synaptic inhibition n = 11; n = 11; DMSO, n = 12) . (D) LTP and STP in the presence of PTX were quantified as in (B). There was a significant effect of treatment (F(2,93) = 8.00; p < 0.001), but not bout number (F(2,93) = 2.51; p = 0.087) on LTP. There was a significant effect of treatment (F(2,93) = 12.13; p < 0.001) and bout (F(2,93) = 17.51; p < 0.001) on STP, but no significant interaction between treatment and bout number (F(4,93) = 0.71; p = 0.59). Data are shown as mean ± SEM and additional statistical analysis of comparisons between treatment groups is reported in the main text. (C) GNE-6901 significantly enhanced the pyramidal neuron NMDAR EPSP area measured at the last 5 min of the recording compared to baseline (yp < 0.05). The NMDAR EPSP area at the end of the experiment was significantly greater for GNE-6901 compared to GNE-8324 (*p < 0.05). (D) Isolated NMDAR EPSCs were recorded using whole-cell recordings targeted to GFP-positive neurons in the stratum radiatum of CA1 from GAD67-GFP reporter mice. Application of 30 mM GNE-8324 potentiated interneuron NMDAR EPSCs (n = 9, example traces are inset; scale bars, 100 pA and 50 ms). (E) Application of 10 mM GNE-6901 potentiated interneuron NMDAR EPSCs (n = 9, example traces are inset; scale bars, 100 pA and 50 ms). (F) GNE-6901 and GNE-8324 both significantly enhanced the peak and area of interneuron NMDAR EPSCs measured at the last 5 min of the recording compared to baseline (yyp < 0.01). Neither NMDAR EPSC area nor peak at the end of the experiment significantly differed between GNE-6901 and GNE-8324 (p > 0.05). (G) Burst-evoked NMDAR EPSPs in pyramidal neurons were measured in response to five pulses at 100 Hz. Because burst-evoked responses were observed to run down under the conditions for isolated NMDAR EPSPs, mixed AMPAR + NMDAR EPSPs were measured, which allowed a stable baseline response to be obtained. After recordings stabilized, PAM was applied for 40 min, followed by D-AP5 application to block the NMDAR component of the response (top).
(legend continued on next page)
Although the compounds reported here do not have appropriate properties for use in vivo, the discovery of a new allosteric site at the LBD interface expands on the previous knowledge of NMDAR allosteric sites, which previously have been mostly restricted to the ATD region (Zhu and Paoletti, 2015) . Similar to AMPARs, the LBD dimer interface now emerges as a key allosteric locus for fine-tuning of NMDAR activity in a subunit-specific manner, which should provide the basis for future development of therapeutics for brain disorders.
EXPERIMENTAL PROCEDURES
Additional details of the procedures are provided in the Supplemental Experimental Procedures.
Cell Lines Doxycycline-inducible (Dox) cell lines that express either GluN1/GluN2A or GluN1/GluN2B were generated in both CHO and HEK293 parental cell lines, and Dox-inducible cell lines that express either GluN1/GluN2C or GluN1/ GluN2D were obtained from Chantest. The cDNAs for Dox-inducible cell lines that express either the flip or flop isoform of the human GluA2 AMPAR included a Gln at position 607 to impart Ca 2+ permeability (which is absent when there is an Arg at this position as normally results from highly efficient RNA editing of the Gln codon in genomic DNA) in order to enable Ca 2+ influx assays.
Ca
2+ Influx Assays
The HTS of 1.4 million compounds was conducted using a Ca 2+ influx assay utilizing GluN1/GluN2A-expressing HEK cells. Cells were loaded with a Ca 2+ -sensitive dye and plated in acidic buffer to prevent channel opening. The proton block was reversed at the time of assay by the addition of test compound in neutralizing buffer containing saturating glycine. Endogenous glutamate from cells was present at a concentration producing submaximal activation, allowing for detection of compounds that enhance NMDAR Ca 2+ influx.
Purification and Crystallization of the GluN1/GluN2A and GluA2 LBD Complexes For the human GluN1 LBD, a construct containing residues M394-K544 (S1) and R663-S800 (S2) connected by a Gly-Thr linker was generated based on the strategy for rat GluN1 LBD (Furukawa and Gouaux, 2003) . The human GluN2A LBD construct, containing residues P401-R539 (S1) and Q661-N802 (S2) connected by a Gly-Thr linker, was based on the strategy for rat GluN2A LBD (Furukawa et al., 2005) . For the human GluA2 LBD, a construct (previously described as S1S2J variant) was generated containing residues N392-K506 (S1) and P632-S775 (S2) connected by a Gly-Thr linker (Armstrong and Gouaux, 2000) . This construct contained GluA2 flip residue Ser754 and flop residues Asn744, Ala745, and Leu758.
Animals
All animal studies were approved by the Genentech Institutional Animal Care and Use Committee (IACUC) and conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals. The 6-to 9-week-old GluN2A KO mice (Kadotani et al., 1996) and WT littermates were used for whole-cell recordings from pyramidal neurons, and GAD67-GFP knockin mice were used when targeting interneurons. The 2-to 3-month-old C57BL/6 mice were used for field recordings.
Electrophysiology
For two-electrode voltage-clamp (TEVC) recordings of diheteromeric NMDARs, Xenopus oocytes were injected with mRNA for hGluN1-1a and hGluN2A or hGluN2B, using either WT or mutant mRNA. Experiments comparing GluN1-1a and GluN1-1b splice variants were performed using rGluN1-1a, rGluN1-1b, and rGluN2A. Similarly, experiments with chimeric/ deleted ATD subunits were performed using rodent clones. Selective expression of triheteromeric NMDARs in Xenopus oocytes was performed as previously described (Stroebel et al., 2014) . Whole-cell patch-clamp recordings from cell lines were performed using the Dynaflow Resolve rapid solution exchange system (Cellectricon). This system consists of a quartz glass perfusion chip with a linear array of 16 continuously flowing perfusion channels that are moved past the patched cell with a solution exchange time of $10-30 ms.
Field EPSP recordings were made from the stratum radiatum of area CA1 of the hippocampus in response to electrical stimulation of the Schaffer collateral pathway. For experiments examining the direct effects of compounds on AMPAR EPSPs, 50 mM D-(-)-2-amino-5-phosphonopentanoic acid (AP5) was included. Field NMDAR EPSPs were recorded in the presence of 10 mM NBQX, 100 mM PTX, and 10 mM strychnine with reduced Mg 2+ (0.2 mM). For plasticity experiments, a single bout of weak induction stimuli consisted of five pulses at 100 Hz, and plasticity was induced using one, two, or three bouts of this protocol (30-s inter-bout interval). EPSP measurement resumed 1 min after induction so that post-tetanic potentiation (PTP), which is a presynaptic phenomenon, did not contribute to the measurement of STP, which, along with LTP, is a postsynaptic NMDAR-dependent phenomenon (Malenka and Nicoll, 1993; Park et al., 2014) . Statistical significances of LTP and STP were assessed using a two-way ANOVA with treatment and bout number as factors, and burst-evoked EPSPs were assessed with a one-way ANOVA with treatment as a factor. When there was a significant effect of treatment, follow-up tests assessing significance of differences between different treatments were performed using the Holm-Sidak method. In experiments where only two groups were compared, significance was assessed using a t test. Whole-cell recordings of NMDAR EPSCs in CA1 pyramidal neurons in response to local stimulation were recorded at a holding potential of À70 mV in the presence of reduced Mg 2+ (0.5 mM), and they were isolated using 10 mM NBQX disodium salt and 100 mM PTX. AP5 applied at the end of the recording confirmed isolation of pure NMDAR EPSCs.
ACCESSION NUMBERS
The accession numbers for the structures reported in this paper are PDB: 5H8F (apo GluN1/N2A), 5H8H (GNE3419 GluN1/N2A), 5H8N (compound 6 GluN1/N2A), 5H8Q (GNE8324 GluN1/N2A), 5H8R (GNE6901 GluN1/N2A), and 5H8S (GNE3419 GluA1). Subtraction of the isolated AMPA response measured in AP5 was used to calculate the baseline and PAM-treated NMDAR EPSPs (bottom). To minimize contamination from stimulus artifacts and population spikes, the burst-evoked NMDAR EPSP was quantified from the portion of the response immediately following stimulation (gray bar). Scale bars, 0.5 mV and 25 ms.
SUPPLEMENTAL INFORMATION
(H) When burst-evoked NMDAR EPSPs were recorded with inhibition blocked (n = 10, GNE-6901; n = 11, GNE-8324; n = 12, DMSO), there was a significant effect of treatment (F(2,30) = 10.52; p < 0.001), which corresponded with a trend toward increased area with GNE-8324 and a significant increase with GNE-6901 compared to vehicle (**p < 0.01).
(I) When burst-evoked NMDAR EPSPs were recorded with intact inhibition (n = 11, GNE-6901; n = 12, GNE-8324; n = 10, DMSO), there was a significant effect of treatment (F(2,30) = 26.99; p < 0.001), which corresponded with a significantly reduced area with GNE-8324 (**p < 0.01) and a significantly increased area with GNE-6901 compared to vehicle (**p < 0.001).
Data are shown as mean ± SEM. 
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